Abstract: Understanding resource acquisition and feeding ecology of threatened species is integral to their conservation because diet is intimately linked with growth rate and reproductive output. We examined diets of immature green sea turtles, Chelonia mydas (L.), from seven sites on the islands of Hawai'i,
Green turtles, Chelonia mydas (L.), are threatened marine reptiles found throughout the world's tropical and subtropical oceans (Pritchard 1997) , with distinctive genetic populations structured within oceanic basins (Bowen et al. 1992) . Although many Pacific Ocean populations are declining because of overharvest of adults and eggs (Seminoff 2002) , the Hawaiian population is in a state of recovery, with long-term increases in nesting numbers on French Frigate Shoals (Balazs and Chaloupka 2004a, 2006) .
The Hawaiian green turtle genetic stock is made up of a number of geographically disparate foraging ground populations within the 132 islands of the Hawaiian archipelago (Balazs and Chaloupka 2004a) . Immature green turtles recruit to these inshore foraging habitats at @35 cm straight carapace length (SCL) and @6 kg (Zug et al. 2002) where their diet shifts from the omnivorous planktivory of a pelagic turtle to the herbivorous diet of an inshore immature turtle (Bolten 2003) . In these inshore foraging habitats, turtles demonstrate high site fidelity and foraging ground specific growth rates (Balazs and Chaloupka 2004b) . The turtles are all from the same genetic stock (Bowen et al. 1992 ); therefore it is likely that these differences in growth rate are based on the availability or quality of food at each foraging ground (Balazs and Chaloupka 2004b ).
An understanding of green turtle feeding ecology is integral to their conservation. Not only does diet potentially influence growth rate, but, in turn, growth rate is related to the time it takes turtles to reach maturity (Balazs 1982, Balazs and Chaloupka 2004b) . A delay in maturation may decrease survivorship to adulthood and, therefore, reproductive output (Balazs and Chaloupka 2004b) . Diet quality or quantity, as controlled by prevailing environmental conditions, have also been correlated with interannual variability in nesting numbers through the availability of forage material during the months and/ or years preceding breeding Nicholls 1988, Broderick et al. 2001 ). Therefore, resource availability and acquisition is also a determinant in reproductive output and population survival.
The diet of post-pelagic green turtles has been described for many populations around the world and consists predominantly of seagrass, macroalgae, and often small amounts of animal material (Bjorndal 1997) . Forage items found in their diet are primarily associated with the local availability of those forage items (Bjorndal 1980 , Garnett et al. 1985 , although some level of selectivity has also been demonstrated (Mortimer 1982 , BrandGardner et al. 1999 . Dietary studies of green turtles in algal-dominated systems indicate that turtles feed predominantly on Rhodophyta (red algae), although Chlorophyta (green algae) and Phaeophyta ( brown algae) are also consumed (Garnett et al. 1985 , Forbes 1996 . In an extensive study of resident turtles at Heron Island, Australia, an algal-based coral reef community, Forbes (1996) found that green turtles demonstrated a preference for certain species and avoidance of undesirable forage material. Preferred species included Gelidiella sp. and Sargassum sp., and turtles avoided Halimeda sp. and Chlorodesmis sp. Although there were differences in diet among size classes, all turtles appeared to have a base diet of algal turf that was opportunistically enhanced with desirable monogeneric stands when available.
In the algal-based coral reef system of the Hawaiian Islands, green turtles also feed on algae and seagrass. Of approximately 400 species of algae present in the Hawaiian archipelago (Abbott 1999) , only nine species accounted for the majority of green turtle diet items (Balazs 1980b) . In a study of 21 turtles from Pālā'au, Moloka'i, the red alga Acanthophora specifera was the most prevalent diet item, but other red algae such as Amansia glomerata, Spyridia filamentosa, and Hypnea cervicornis were also common (Balazs et al. 1987) . The seagrasses Halophila hawaiiana and H. decipiens are also found in Hawaiian green turtle diets but only from a few locations that provide suitable habitat for seagrass growth (Russell et al. 2003) .
In this study, we examined the diet of immature green turtles from the algaldominated coral reef system of the Main Hawaiian Islands. The specific aim of this research was to characterize the diet of green turtles from geographically disparate foraging ground aggregations within the inhabited islands of the Hawaiian archipelago.
materials and methods
Seven green turtle foraging locations were examined (Figure 1 ). These sites were selected to provide a variety of habitat types and known growth rates from foraging aggregations previously assessed during long-term population demographic studies (Balazs et al. 1987, Balazs and Chaloupka 2004b Turtles were captured at Pālā'au, Moloka'i, using a nonentangling bullpen net (Balazs et al. 1987, Balazs and Chaloupka 2004b) , and at other locations turtles were captured by hand while snorkeling or with the use of scoop nets . a Number in parentheses represents the number of turtles sampled in August that had previously been sampled in January.
The turtles were brought to shore or to a boat to be tagged, weighed, and SCL measured (Balazs et al. 1987 ). Gender was not determined in this study.
Diet samples were obtained by stomach lavage after the modified methods of Balazs (1980a) and Forbes and Limpus (1993) . Turtles were placed on their back, slightly angled with head lower than their body. Their mouth was opened using an avian veterinary speculum and held open with a standard veterinarian canine gag. A plastic tube, lubricated with vegetable oil, was gently inserted into the esophagus, and seawater was introduced at low pressure to the crop to flush out food particles in the esophagus and anterior crop. These items were assumed to be from the most recent feeding event. Samples were immediately frozen and maintained at <0 C until analyzed. Diet samples were identified and quantified under dissection microscope. Each diet item was identified to the lowest possible taxon. Algae were identified in accordance with Magruder and Hunt (1979) , Cribb (1983 Cribb ( , 1996 , Abbott (1999) , Russell and Balazs (2000) and with assistance from Dennis Russell (pers. comm.) . Seagrass was also identified in accordance with Waycott et al. (2004) . Quantitative assessment of diet was based on the frequency of occurrence of each diet item and its relative volume within each diet. Frequency of occurrence was calculated based on the number of samples in which the diet item was observed:
Frequency of occurrence ð%Þ ¼ ðNo: samples in which diet item observedÞ Â 100 Total no: samples
The relative volume that each diet item contributed to diet was determined using the principles of microstereology (Schaefer 1970) after the modified methods of Forbes (1999) and Read and Limpus (2002) . The samples were mixed until visually homogenous and viewed at Â7 magnification, giving a 19 mm field of view. A graticule with 33 marked positions was used to determine the volumetric proportion of each food item by counting the number of points covering each food type. Ten nonoverlapping fields of view were observed, and a total of 330 points were identified for each sample (Arthur 2005) . The relative proportion of each food type present was then calculated by dividing the number of points covering each food type by the total number of points observed for the sample.
Relative volume of diet ð%Þ ¼ ðNo: of points covering diet itemÞ Â 100 Total no: points assessed for sample
As a comparison with diet samples, fecal pellets were collected opportunistically along the beaches on the northeastern coast of Lāna'i and at Kaloko-Honokō hau (Hawai'i). Samples from Lāna'i were collected at the same time as live animal diet sampling and fecal samples from Kaloko-Honokō hau were collected in July 2003. Fecal material was observed under dissection microscope and identified, where possible, as per dietary items. As a result of the breakdown associated with gut passage, it was determined that the relative volumetric analysis used for the diet samples was inappropriate for fecal material and, therefore, only the frequency of occurrence of each diet item will be considered.
Diet information is presented as the mean proportion each item contributed to diet (Gstandard error) and the frequency with which items were observed in samples. Frequency is expressed as the proportion of samples in which a diet item is observed, where the diet item was >5% volume, and where it was >50% volume. A nonmetric multidimensional scaling approach was used to determine whether there was a sampling event and/or site effect influencing the type of food consumed by the turtles. This ordination approach is an iterative procedure that uses a function of dissimilarity measure for each pair of samples and then reconciles these points in terms of distance on a multidimensional plot. In this instance, presence/ absence data for taxonomic groupings of diet data were used to assess variations between the two sampling events and between sites. Kapoho was not included in this analysis be-cause data for only one sampling event was available. Using Primer 5 (V5.1.2, Primer-E Ltd., Plymouth), a Bray-Curtis similarity matrix was established for all samples, and nonmetric multidimensional scaling was used to produce an ordination of these data. The resulting two-dimensional ordination had a stress level of 0.16. A two-way crossed analysis of similarity (ANOSIM2) was used to assess the effects of site and sampling event on the diet samples. ANOSIM is a nonparametric permutation procedure that is applied to the similarity matrix. A two-way crossed ANOSIM is analogous to a two-way nested analysis of variance (ANOVA) (Clarke and Warwick 1994) , and in this case it was used to test the null hypotheses that there was no difference between sites averaged across sampling events and no difference between sampling events using site groups as samples. Statistical significance was accepted at P < .05. (Balazs and Chaloupka 2004b) . Thus, all animals examined during this study were assumed to be immature. Table 2 provides a summary of the 191 diet samples from live green turtles captured in the Hawaiian Islands. Green turtles in the Hawaiian Islands have an algal-based diet, with the majority of material found in crop samples from the division Rhodophyta (red algae). Red algae were the most common dietary items encountered (present in 99.5% of samples), and they provided the greatest proportion of the dietary volume, with an average of 78.0% for all sites combined. Chlorophyta (green algae) and Phaeophyta ( brown algae) were also common but contributed little quantity to the diet. Sea grass was uncommon and only found in turtles sampled from Kāne'ohe Bay, where it contributed >5% of the dietary volume in all cases where ob- ) is the average that each diet item contributes to diet. T; trace (mean <0.1%). Frequency of occurrence is expressed as the proportion of samples in which the diet item was found and also where it was found to contribute >5% and >50% of relative volume. Figure 3 . Two-dimensional multidimensional scaling ordination showing the grouping of diet samples by foraging site based on the presence/absence of diet items in each sample (n ¼ 183). Points that appear closer together are more similar in their algal assemblages than points farther apart. Kapoho was not included in this analysis because it was sampled only during August. most samples (78.9%), one diet item made up the majority of the relative volume (>50% of sample). Genera that contributed >50% of diet samples included Halophila sp., Acanthophora sp., Centroceras sp., Gelidiella sp., Gracilaria sp., Hypnea sp., Pterocladiella sp., Amansia glomerata, Cladophora sp., Codium sp., and Dictyosphaeria sp.
The two-way crossed ANOSIM indicated that sites could be distinguished from one another using presence/absence of diet items, but no difference was found between the two sampling events at each site (site: global R ¼ 0.577, significance level ¼ 0.1%, P ¼ .001; sampling event: global R ¼ 0.269, significance level ¼ 5.2%, P ¼ :052). The similarity in turtle diets was evident in the clumping of the site factor in the multidimensional scaling ordination (Figure 3 ). This similarity in diet was driven by Cladophora sp. and Pterocladiella sp. in Kīholo Bay and Kaloko-Honokō hau, but by Acanthophora spicifera and Hypnea sp. at Moloka'i, Lāna'i, Kailua Bay, and Kāne'ohe Bay (Figure 4) . Also, the presence of Halophila decipiens in Kā-ne'ohe Bay samples (Figure 4) contributed to the separation of these samples from other sites in the multidimensional scaling ordination (Figure 3 ). This suggests that there was little seasonal variation in turtle forage material, but that each foraging ground provided different forage suitable for turtle diets.
Five fecal pellets were collected from along the beach at both Lāna'i and KalokoHonokō hau. These samples contained 9 and 11 identifiable items, respectively. Undigested diet material included Rhodophyta, Chlorophyta, Phaeophyta, Cyanobacteria, sponge, and monofilament fishing line (Table 3) . A greater diversity of algae genera was observed in diet samples from both sites (Lāna'i ¼ 20, Kaloko-Honokō hau ¼ 18) compared with identifiable items observed in fecal pellets. Fleshy red algae, such as A. spicifera, which were observed in 90% of diet samples from Lāna'i, were not found in any of the fecal pellets from the same site. Conversely, Dictyota sp. and Sargassum sp. were observed in fecal material but not in any diet samples from Kaloko-Honokō hau. discussion Green turtles in the Main Hawaiian Islands, at the southern end of the archipelago, predominantly consume red macroalgae. The corticated red algae dominated diets at most study sites, and some form of red algae was present in 99.5% of samples. The only exception was a sample from Kāne'ohe Bay that was composed entirely of Halophila decipiens. The seagrasses H. decipiens and H. hawaiiana contributed substantially to the diets of Kāne'ohe Bay turtles, supporting a previous study demonstrating that both species were present in green turtle diets in the Hawaiian Islands (Russell et al. 2003) . The genera of algae encountered most often in diet samples in the study reported here generally reflect those previously reported for the Main Hawaiian Islands (Balazs 1980b , Balazs et al. 1987 , Russell and Balazs 2000 . However, in this study, we have also identified site-specific differences in green turtle diets (Figures 3 and 4) .
Although some degree of preference for certain food items has been demonstrated in other green turtle populations (Mortimer 1982 , Brand-Gardner et al. 1999 , diet selection is ultimately driven by the availability of preferred diet items (Forbes 1996) . The differences in diet among sites in the study reported here may reflect the forage material available at each site. For example, the diets of turtles at Kīholo and Kaloko-Honokō hau were similar (Figure 4) , and because both sites are located on the Kona/Kohala coast of the island of Hawai'i, similar environmental conditions are likely to be structuring the faunal assemblage and therefore food availability at the two locations.
Diet samples in this study were dominated by a single food item. In 78.9% of samples, one alga or seagrass made up more than 50% of the sample (Table 2) . A monospecific food reliance suggests that turtles were targeting specific species and potentially incidentally ingesting other co-occurring algae growing in close proximity. This evidence supports the theory that green turtles are selective feeders (Bjorndal 1980 , Mortimer 1982 , Brand-Gardner et al. 1999 , as was noted by Forbes (1996) at Heron and Wistari Reefs, Australia.
Acanthophora spicifera was common in diets from all sites except on the island of Hawai'i. This alga was accidentally introduced to the Hawaiian Islands in the 1950s (Doty 1961) and colonized successfully and spread quickly (Russell and Balazs 1994 , Abbott 1999 , Smith et al. 2002 . By 1980, A. spicifera had become a principal component of turtle diets on Lā-na'i and a minor food source for turtles at O'ahu but was not at that time considered a major food source for turtles in the Hawaiian archipelago (Balazs 1980b) . Later that decade, it was reported as a dominant food source both at O'ahu and Moloka'i and present in diet samples from Maui (Balazs et al. 1987 ). Both A. spicifera and H. musciformis (another alga introduced to the Hawaiian Islands in the 1970s) became common elements of green turtle diet by the 1990s (Russell and Balazs 1994) . In the study reported here, A. spicifera was common in the turtles' diet (49.2%) and contributed a substantial proportion of diet at Kāne'ohe Bay, Kailua, Moloka'i, and on the east coast of Lāna'i. This dietary composition demonstrates the extent to which the alga has spread throughout the Islands. The absence of A. spicifera from turtle diets collected from Kapoho and Kīholo on the island of Hawai'i suggests that it has not yet established in these areas. This hypothesis is consistent with a report by Smith et al. (2002) stating that no A. spicifera was found at either Kapoho or Kīholo, although A. spicifera was reported to be present at Kaloko-Honokō hau in the harbor adjacent to the turtle sampling location. As only two of the 35 turtles from this site consumed A. spicifera and only in small quantities, it is believed that the alga is sparse within the foraging area. The diet-switching capabilities of turtles to utilize nonendemic algae species such as A. spicifera demonstrate that although green turtles are selective foragers, they are also opportunistic feeders that can adapt to novel food resources.
Not only was A. spicifera common in turtle diets, it may also provide an important source of energy. Although many algal species were identifiable in fecal pellets from both KalokoHonokō hau and Lāna'i, no A. spicifera was observed (Table 3) . This was the case even though it was a common component of turtle diet at Lāna'i and present in two samples from Kaloko-Honokō hau. The presence of identifiable diet items in fecal material implies that this alga is not fully digested. Green turtle fecal pellets previously collected in Kāne'ohe Bay were also found to have identifiable algae present (Balazs et al. 1993) , indicating that not all material ingested by Hawaiian turtles is digested and assimilated. In a similar study, conducted in another algal-dominated foraging ground in the Torres Strait, Australia, no identifiable material was found in fecal pellets (Garnett et al. 1985) . Turtles in the region had been feeding on algae of the genera Hypnea, Laurencia, Caulerpa, Vidalia, and Sargassum. Hypnea, Laurencia, and Sargassum were observed in diets in the study reported here, but only Hypnea sp. and Sargassum sp. were present in fecal material. This could indicate that digestion efficiency varies among turtle populations or that the structural composition of algae varies between sites. Algal species have plastic morphological traits (Dring 1992) , and therefore different environmental conditions could lead the same taxa to have different structural characteristics that may render the algae more or less susceptible to digestion.
Differences in availability in forage material and low digestion efficiency may provide some explanation of the variable growth rates observed among various Hawaiian green turtle foraging aggregations (Balazs and Chaloupka 2004b) . To clearly understand this relationship, the abundance and growth rate of forage material, and the nutritional value, digestibility, and foraging costs required to obtain and process these diet items should be quantified. In addition, these parameters should also be considered in terms of the density-dependent effects of a green turtle stock that is currently in recovery (Balazs and Chaloupka 2004 a,b, 2006) .
To our knowledge, this is the first time multidimensional scaling has been used to address the feeding ecology of marine turtles, and this technique has provided insight into intrinsic differences between these foraging ground populations. As it is a nonparametric test, it is versatile and capable of analyzing datasets that contain large amounts of information. As such, multidimensional scaling may prove useful in understanding the feeding ecology of other sea turtle populations and addressing issues such as variation between age classes, foraging location, or seasonal variation in feeding ecology. This is also the first known study to compare the diets of immature green turtles across multiple sites in the Main Hawaiian Islands. We have demonstrated that although green turtle diets are dominated by red algae, the major constituents of diet vary between sites. Turtles appeared to be selective and opportunistic feeders that target a primary diet item rather than grazing on multiple species. However, these observations were probably ultimately influenced by the availability of forage items within the foraging area.
